INTRODUCTION
============

Stimuli-responsive molecules, which are capable of changing their structures and/or properties in response to external stimuli such as light ([@R1]--[@R3]), pH ([@R4], [@R5]), chemicals ([@R6]), etc., have attracted intensive attention because of their important role for the construction of functional materials. Azobenzene, as one of the most studied photochromic molecules, can be switched from the thermally stable trans isomer to the metastable cis isomer under photoirradiation ([@R7]). During this process, the azobenzene unit undergoes significant changes in the structure and polarity of the molecule, which can result in azobenzene-containing materials with interesting photoresponsive behavior. A variety of systems \[for example, polymers ([@R8]--[@R10]), liquid crystals ([@R11], [@R12]), nanoparticles ([@R13]), etc.\] that bear azobenzene units have been developed, and these smart materials have shown promising applications in many areas, including optical data storage devices ([@R14], [@R15]) and on-command drug delivery ([@R16]--[@R18]).

Metal-organic frameworks (MOFs) ([@R19]--[@R21]), a new class of porous crystalline materials constructed from metal ions and organic ligands, have been widely used in gas storage and separation ([@R22]--[@R25]), in catalysis ([@R26]--[@R28]), as sensors ([@R29]--[@R31]), and in drug delivery ([@R32]--[@R34]). Stimuli-responsive MOFs, which can show response to external stimuli with a detectable change in physical and/or chemical properties, have gained increasing attention recently for their potential applications in many areas ([@R35]--[@R43]). An attractive way to construct these smart MOFs is by incorporating the stimuli-responsive molecules into the framework as organic linkers ([@R44]). Starting from ligands functionalized with azobenzene units as a dangling group, several azobenzene-containing photochromic MOFs with interesting tunable properties have been reported over the past few years ([@R45]--[@R48]). For example, Zhou *et al*. ([@R46]) reported an azobenzene-functionalized MOF with MOF-5 topology, which can absorb different amounts of CO~2~ after ultraviolet (UV) or heat treatment. Yaghi *et al*. ([@R47]) reported another azobenzene-based MOF with an MOF-74 structure that can release dyes from its pores after photoirradiation. However, the stability of these photoresponsive MOFs in different environments (for example, water) is still a major challenge that keeps these compounds from being used more widely. Considering their interesting properties and applications, more azobenzene-based MOFs with high stability are in great demand.

Herein, we report the design and synthesis of a water-stable zirconium MOF (Zr-MOF) that bears azobenzene groups, namely, UiO-68-azo ([Fig. 1](#F1){ref-type="fig"}). This MOF can be used as a reservoir for cargo storage in water, and the cargo-loaded MOF can be further capped to construct a mechanized MOF through the binding of β-cyclodextrin (β-CD), with the azobenzene stalks protruding from the surface of UiO-68-azo. Because the bulky supramolecular complexes are located near the pore openings, the pores are sealed, thus stopping the spontaneous release of cargo trapped inside. The resulting mechanized MOF shows on-command cargo release upon external chemical or physical stimuli because of the dissociation of β-CD rings from the azobenezene stalks on the MOF surface. We believe that this proof-of-concept research does not only represent a simple approach to the construction of stimuli-responsive mechanized MOFs, but it may also provide a unique MOF platform for on-command drug delivery.

![Schematic representation.\
Schematic illustration of the synthesis of UiO-68-azo and further construction of RhB-loaded, β-CD--capped UiO-68-azo with azobenzene units as stalks encircled by β-CD on the surface. The trans-azobenzene is colored in green.](1600480-F1){#F1}

RESULTS AND DISCUSSION
======================

To construct a stimuli-responsive MOF with large enough cavities for efficient azobenzene photoisomerization, we designed and synthesized a novel ligand that bears an azobenzene unit as dangling group, 2′-*p*-tolyldiazenyl-1,1′:4,4′-terphenyl-4,4″-dicarboxylic acid (**1**; [Fig. 1](#F1){ref-type="fig"} and see fig. S1 for synthesis). From the absorption spectroscopy (fig. S2) and ^1^H nuclear magnetic resonance (NMR) spectroscopy (fig. S3), ligand **1** can undergo a trans-to-cis isomerization in solution when exposed to UV light. To ensure structural integrity of the framework during the stimulation process, we chose to construct the Zr-MOFs ([@R49]), which are known for their robustness, for example, water stability. Moreover, Zr-MOFs are biocompatible and degradable, having a wide array of potential applications in drug delivery ([@R50]). After treatment of a reaction mixture containing ligand **1**, ZrCl~4~, acetic acid, and dimethylformamide (DMF) at 100°C for 72 hours, UiO-68-azo was obtained as red octahedron-shaped crystals in reasonable yield. Single-crystal x-ray diffraction studies revealed a UiO-type structure for UiO-68-azo ([Fig. 2A](#F2){ref-type="fig"} and table S1), which crystallizes in the $\mathit{F}\mathit{m}\overline{3}\mathit{m}$ space group and contains a three-dimensional percolated pore structure. Because of the positional disorder and the flexible nature of the dangling substituents, the azobenzene groups could not be located in the electron density map. Instead, their presence was established and quantified by ^1^H NMR spectrum of digested MOF samples. As shown in fig. S4, the ^1^H NMR spectroscopy of digested UiO-68-azo is the same as that of ligand **1** (fig. S5), indicating that the intactness of ligands in the MOF. In addition, powder x-ray diffraction (PXRD) patterns of UiO-68-azo ([Fig. 3](#F3){ref-type="fig"}) are closely matched with that simulated from the single-crystal structure. Nitrogen sorption measurement of UiO-68-azo at 77 K was performed to confirm its permanently porous nature ([Fig. 2B](#F2){ref-type="fig"} and fig. S6). The Brunauer-Emmett-Teller (BET) analysis gave a high surface area of 2900 m^2^ g^−1^ and a pore volume of 1.24 cm^3^ g^−1^, demonstrating the potential application of UiO-68-azo in cargo storage. On the basis of the nonlocal density functional theory model, the pore size distribution of UiO-68-azo exhibits a relatively broad peak centered at 1.4 nm (fig. S7).

![Crystal structure and gas absorption behavior.\
(**A**) Crystal structure of UiO-68-azo. The azobenzene units were not located in the electron density map and are instead presented in an optimized position. (**B**) N~2~ adsorption isotherms of activated UiO-68-azo.](1600480-F2){#F2}

![PXRD patterns.\
(**A** to **E**) Simulated from the crystal structure of UiO-68-azo (A), fresh UiO-68-azo (B), RhB-loaded, β-CD--capped UiO-68-azo (C), RhB-loaded, β-CD--capped UiO-68-azo after UV irradiation (D), and RhB-loaded, β-CD--capped UiO-68-azo after addition of amantadine and then UV irradiation (E). The patterns were taken with crystals covered by a thin layer of water.](1600480-F3){#F3}

β-CD, which is composed of seven [d]{.smallcaps}-glucopyranosyl units and biocompatible ([@R51]), is well known to form complexes in the aqueous solution with a wide range of guest molecules ([@R52]). For example, it can form a supramolecular complex with azobenzene in water ([@R2]). Upon mixing of β-CD with cargo-loaded UiO-68-azo in water, the β-CD rings can thread onto the azobenzene stalks on the surface, thus serving as a gatekeeper to seal the nanopores and stop the release of the cargo. Furthermore, this inclusion complex can, in turn, again be disassembled when faced with the right external stimuli, which will open the nanovalves and then release the cargo inside ([@R2]). Therefore, we decided to construct a stimuli-responsive mechanized MOF based on UiO-68-azo. We chose rhodamine B (RhB) as the cargo because it matches the pore aperture of UiO-68-azo (fig. S7) and can also diffuse into the framework through its triangle windows (fig. S8). After immersing UiO-68-azo in an RhB aqueous solution and then rinsing with β-CD aqueous solution ([Fig. 1](#F1){ref-type="fig"}), an RhB-loaded, β-CD--capped UiO-68-azo was obtained. As shown in [Fig. 3](#F3){ref-type="fig"}, the position of the PXRD peaks of this mechanized MOF is similar to that of UiO-68-azo, pointing toward retention of the framework architecture.

We then investigated the on-command release behavior of RhB-loaded, β-CD--capped UiO-68-azo in water. Because β-CD shows a much higher binding affinity toward trans-azobenzene compared with cis-azobenzene in water ([@R16]), the isomerization of azobenzene from trans-to-cis can force β-CD rings away from the stalks, thus opening the gates to the nanopores and releasing the cargo ([Fig. 4A](#F4){ref-type="fig"}). Therefore, we studied the light-trigged release profile of this mechanized MOF, which was monitored by measuring the absorption intensity of the released RhB as a function of time ([Fig. 4B](#F4){ref-type="fig"} and fig. S9). Before UV irradiation, a flat baseline was found, showing that the RhB molecules are held firmly within the nanopores of the mechanized MOF without premature release. When the UV light was turned on, the release of the RhB cargo was observed, demonstrating that the supramolecular nanovalves on the MOF surface are opened. The release process began to level off after 120 min, and PXRD ([Fig. 3](#F3){ref-type="fig"}) again confirmed the retention of the framework during this process. It can be concluded that the controlled release of RhB cargos can be triggered by UV irradiation because of the dissociation of β-CD rings from the stalks on the MOF surface. We should mention here that, for the uncapped RhB-loaded UiO-68-azo, the RhB cargo can be spontaneously released from the nanopores of UiO-68-azo (fig. S10), indicating again the importance of the supramolecular β-CD azobenzene complex on the MOF surface.

![On-command release.\
(**A**) Schematic illustration of the light-triggered release. The cis-azobenzene is colored in cyan. (**B**) Release profiles of RhB-loaded, β-CD--capped UiO-68-azo by UV irradiation.](1600480-F4){#F4}

The dissociation of β-CD rings from the azobenzene stalks of UiO-68-azo can also be triggered by the addition of a competitive binding agent ([Fig. 5A](#F5){ref-type="fig"}), for example, amantadine, a drug that is used to treat Parkinson's disease and that has a higher binding affinity toward β-CD compared with azobenzene toward β-CD ([@R52]). As shown in [Fig. 5B](#F5){ref-type="fig"} and fig. S11, the release of RhB was observed after the addition of amantadine and began to level off after 110 min as a result of the amantadine-induced dethreading of the β-CD rings from the azobenzene stalks. We should emphasize here that, if we chose agents ([@R52]) that have a much lower binding constant with β-CD, only a negligible amount of RhB was released (figs. S12 to S17), indicating again that the amantadine-triggered release is caused by the dissociation of β-CD rings from azobenzene stalks on the MOF surface. Because the isomerization of azobenzene from trans-to-cis can change the pore environment ([@R46], [@R47]) and may impel the guests out, the resultant system was further exposed to UV light ([Fig. 5A](#F5){ref-type="fig"}). A re-emission of RhB cargo was observed ([Fig. 5B](#F5){ref-type="fig"}), albeit only a small amount was detected. Therefore, the addition of amantadine can trigger the on-command release of RhB cargos, and additional UV irradiation impels additional RhB cargo out of the nanopores as a result of trans-to-cis isomerization.

![Step-by-step on-command release.\
(**A**) Schematic illustration of the step-by-step release. The cis-azobenzene is colored in cyan. (**B**) Release profiles of RhB-loaded, β-CD--capped UiO-68-azo by addition of amantadine and then UV irradiation.](1600480-F5){#F5}

CONCLUSION
==========

In summary, we have reported the design and synthesis of a highly stable azobenzene-functionalized Zr-MOF, UiO-68-azo. The azobenzene units on the MOF surface can bind with β-CD to form a supramolecular complex, enabling UiO-68-azo to be used to construct a stimuli-responsive mechanized MOF without any premature release, simply by rinsing the cargo-loaded UiO-68-azo with β-CD aqueous solution. This supramolecular complex can be dissociated after subjecting it to different types of external stimuli, thus releasing the cargo inside the mechanized MOF in a controlled manner. We believe that this study represents a simple approach to the construction of stimuli-responsive mechanized MOFs. In addition, because the mechanized UiO-68-azo is constructed from biocompatible components ([@R50], [@R51]), this system may provide a unique MOF platform for on-command drug delivery. We are now working on scaling down UiO-68-azo to nanoregime and studying the application of this mechanized MOF in on-command drug delivery.

MATERIALS AND METHODS
=====================

Materials
---------

All reagents and solvents were purchased from commercial sources and used without further purification. Zirconium (IV) chloride (99.5%) was purchased from Alfa Aesar. 4-Methoxycarbonyl-phenylboronic acid, palladium acetate, 2,5-dibromoaniline, Na~2~CO~3~, NaOH, β-CD, RhB, [d]{.smallcaps}-arabinose, sodium benzoate, 4-amino-1-naphthalenesulfonic acid sodium salt, and Hepes were purchased from Admas. Dimethyl 2′-amino-1,1′:4,1″-terphenyl-4,4″-dicarboxylate ([@R53]) and *p*-nitrosotoluene ([@R54]) were synthesized according to the literature procedure.

### Characterizations

^1^H and ^13^C NMR spectra were measured on a Bruker Fourier 300 M and 400 M spectrometer. High-resolution mass spectra were collected on Bruker Daltonics Inc. APEXII FT-ICR mass spectrometer, which was equipped with EI (electron impact), ESI (electrospray ionization), and MALDI (matrix-assisted laser desorption ionization) as ionization source. PXRD data were collected on Rigaku SmartLab with Cu *K*α~1~ (λ = 1.54056 Å) radiation operated at 45 kV and 200 mA, from 2θ = 2° up to 50° with 0.02° increment. Single-crystal x-ray data were collected at 100 K at the Beijing Synchrotron Radiation Facility, beamline station 3W1A equipped with a MarCCD-165 detector. The UV irradiation experiment was performed by using the WHF 203 UV lamp (λ = 365 nm), which was put in a quartz vessel and cooled by continuous flowing water. The nitrogen adsorption and desorption isotherms of UiO-68-azo before and after UV irradiation were measured at 77 K using a Autosorb-iQ2 (Quantachrome) surface area and pore size analyzer. The specific surface areas were calculated from the adsorption data by using BET methods. The UV-visible absorption spectra were recorded on a Shimadzu UV-3600 spectrophotometer. Thermogravimetric analysis from 50° to 800°C was carried out on a DTA-60 Simultaneous DTG-TG Apparatus (Shimadzu) in air atmosphere using a 5°C/min ramp without equilibration delay.

### Synthesis of UiO-68-azo

ZrCl~4~ (23.1 mg, 0.099 mmol), ligand **1** (43.2 mg, 0.099 mmol), and acetic acid (1.1 ml) were dissolved in DMF (6 ml) in a 20-ml Pyrex vial. The mixture was placed in a preheated oven set at 100°C for 72 hours. Single crystals with octahedral shape suitable for single-crystal diffraction were harvested with a yield of \~20 mg. The crystals were washed with DMF over a 2-day period to remove any unreacted starting materials. After that, the samples were exchanged with H~2~O for several times and then kept in H~2~O before cargo loading. In addition, samples that were not used for cargo loading were immersed in anhydrous dichloromethane for 3 days to replace and remove DMF. These crystals were evacuated in oil pump vacuum at room temperature to yield activated samples.

### Synthesis of RhB-loaded, β-CD--capped UiO-68-azo

A fresh sample of UiO-68-azo (\~20 mg) was immersed in 15 ml of water solution containing RhB (15 mg ml^−1^) for 12 hours in the dark. After decanting the solution, the sample was washed with some water and saturated β-CD solution (25 ml × 3) and then immersed in saturated β-CD solution for 3 hours. The RhB-loaded, β-CD--capped UiO-68-azo was isolated from solution through centrifugation, which was subsequently washed with water and then kept in water for on-command release study.

### On-command release experiments

In a typical experiment, RhB-loaded, β-CD--capped UiO-68-azo was put in a vial and filled with deionized water, which was further subjected to UV irradiation or addition of amantadine and then UV irradiation. To monitor the release of RhBs, the UV-visible spectra of the solutions were recorded every 5 min.
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fig. S1. Synthesis of ligand **1**.

fig. S2. UV-visible spectra of ligand **1** after exposure to UV light for different times.

fig. S3. ^1^H NMR spectra of ligand **1** before and after UV irradiation for 5 min.

fig. S4. ^1^H NMR spectrum of digested UiO-68-azo.

fig. S5. ^1^H NMR spectrum of ligand **1**.

fig. S6. N~2~ sorption isotherm of UiO-68-azo at 77 K before and after UV irradiation for 3 hours.

fig. S7. Pore size distribution of UiO-68-azo before and after UV irradiation for 3 hours.

fig. S8. Size comparison of RhB and the pore windows of UiO-68-azo.

fig. S9. UV-visible spectra of the solution of mechanized UiO-68-azo after UV irradiation for different time.

fig. S10. Release profile of uncapped RhB-loaded UiO-68-azo.

fig. S11. UV-visible spectra of the solution of mechanized UiO-68-azo after addition of amantadine and then UV irradiation for different time.

fig. S12. Release study of mechanized UiO-68-azo after addition of [d]{.smallcaps}-arabinose.

fig. S13. Release study of mechanized UiO-68-azo after addition of 4-amino-1-naphthalenesulfonic acid sodium salt.

fig. S14. Release study of mechanized UiO-68-azo after addition of sodium benzoate.

fig. S15. Release study of mechanized UiO-68-azo after addition of ethanol.

fig. S16. Release study of mechanized UiO-68-azo after addition of acetone.

fig. S17. Release study of mechanized UiO-68-azo after addition of dimethyl sulfoxide.

fig. S18. Release profile of uncapped RhB-loaded UiO-68-azo after UV irradiation.

fig. S19. Release profile of uncapped RhB-loaded UiO-68-azo after addition of amantadine.

fig. S20. Release profile of uncapped RhB-loaded UiO-68-azo after addition of [d]{.smallcaps}-arabinose.

fig. S21. Thermogravimetric plot of UiO-68-azo.

fig. S22. UV-visible spectra of Hepes buffer solution containing UiO-68-azo with different time.

fig. S23. PXRD pattern of UiO-68-azo after being kept in a Hepes buffer solution for 3 hours.

table S1. Crystal data and structure refinement for UiO-68-azo.
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